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Phosphatidylinositol 4,5-bisphosphate [PI(4,5)P2], a phosphoinositide
concentrated predominantly in the plasma membrane, binds endo-
cytic clathrin adaptors, many of their accessory factors, and a variety
of actin-regulatory proteins. Here we have used fluorescent fusion
proteins and total internal reflection fluorescence microscopy to
investigate the effect of acute PI(4,5)P2 breakdown on the dynamics
of endocytic clathrin-coated pit components and of the actin regula-
tory complex, Arp2/3. PI(4,5)P2 breakdown was achieved by the
inducible recruitment to the plasma membrane of an inositol 5-
phosphatase module through the rapamycin/FRB/FKBP system or by
treatment with ionomycin. PI(4,5)P2 depletion resulted in a dramatic
loss of clathrin puncta, which correlated with a massive dissociation
of endocytic adaptors from the plasma membrane. Remaining clath-
rin spots at the cell surface had only weak fluorescence and were
static over time. Dynamin and the p20 subunit of the Arp2/3 actin
regulatory complex, which were concentrated at late-stage clathrin-
coated pits and in lamellipodia, also dissociated from the plasma
membrane, and these changes correlated with an arrest of motility at
the cell edge. These findings demonstrate the critical importance
of PI(4,5)P2 in clathrin coat dynamics and Arp2/3-dependent actin
regulation.

actin � dynamin � epsin � phosphoinositides � rapamycin

Phosphorylation–dephosphorylation of the inositol ring of ino-
sitol phospholipids plays a major role in cell regulation. Their

phosphorylated head groups interact with a variety of cytosolic
protein modules and thus mediate the recruitment and regulation
of proteins at the membrane–cytosol interface (1–7). A direct
interaction with phosphatidylinositol 4,5-bisphosphate [PI(4,5)P2],
a phosphoinositide concentrated at the plasma membrane, has been
demonstrated for all of the endocytic clathrin adaptors and for
several of their accessory factors, for the GTPase dynamin, and for
many actin regulatory proteins (8–16). The physiological signifi-
cance of these interactions has been supported by cell biological (9,
15, 17–21) and pharmacological (22) studies in living cells and by
forward and reverse genetics. For example, mutations in genes
encoding inositol 5-phosphatases, primarily synaptojanin family
members, were shown to cause endocytic and actin defects in a
variety of organisms (16, 23–28). However, genetic manipulations
that result in long-lasting changes in cellular levels of PI(4,5)P2 may
act indirectly or trigger compensatory mechanisms that can com-
plicate the interpretation of results.

Conclusive evidence for the importance of PI(4,5)P2 in events
that occur at the plasma membrane will come from experiments
involving the acute and specific manipulation of its levels. Recently,
a technique for the rapid, conditional recruitment of proteins to
membranes has been used to deliver 5-phosphatase modules to the
cell surface (20, 29–32). In this method, the genes encoding two
proteins that can be cross-linked by the addition of rapamycin are
fused in-frame to the 5-phosphatase module and to a plasma
membrane-targeting sequence, respectively (31, 32). By using this
approach, a massive dephosphorylation of PI(4,5)P2 in the plasma

membrane upon the addition of rapamycin could be achieved (20,
29, 30). Notably, this breakdown of PI(4,5)P2, which depends on the
catalytic activity of the 5-phosphatase module (30), correlated with
a block of transferrin internalization, a clathrin-mediated endocytic
reaction (20). We have now used this method in combination with
the high spatial and temporal resolution of live total internal
reflection fluorescence microscopy (TIRFM) to analyze the effect
of acute PI(4,5)P2 depletion on the dynamics of clathrin coat
proteins, dynamin, actin, and p20, a subunit of the Arp2/3 actin
regulatory complex (33). Our findings demonstrate a requirement
of PI(4,5)P2 both for the initiation and for the integrity of clathrin-
coated pits (CCPs). They also prove the important role of PI(4,5)P2
in the nucleation of Arp2/3-dependent actin networks and thus in
actin-dependent cell motility.

Results
Ionomycin-Induced Disruption of CCPs. We first characterized the
spatiotemporal dynamics of clathrin and clathrin adaptors in the
COS-7 cells used for this work. Cells coexpressing clathrin light
chain-mRFP (LCa-mRFP) and either GFP-tagged �2 or �2 sub-
units of the clathrin adaptor AP2 complex (�2-GFP and �2-GFP,
respectively) were imaged by TIRFM. All three markers were found
in diffraction-limited dynamic puncta with the characteristics of
individual CCPs (34, 35) (Fig. 1 A and B and data not shown). They
appeared together and had similar lifetimes: 174 � 7 s for clathrin
and 166 � 7 s for �2 (Fig. 1 B–D and data not shown). Similarly,
when coexpressed, LCa-mRFP and epsin-GFP colocalized in space
and time (Fig. 1 E and F), supporting the proposed role of epsin as
a bona fide clathrin adaptor (36, 37).

As an initial tool to manipulate membrane PI(4,5)P2 we used
ionomycin, a Ca2� ionophore that induces activation of Ca2�-
dependent phospholipase C (PLC) and thus a breakdown of this
phosphoinositide into diacylglycerol and inositol 3,4,5-trisphos-
phate (InsP3) (38). Addition of 5 �M ionomycin to COS-7 cells
expressing the pleckstrin homology (PH) domain of PLC� fused to
GFP (PH-GFP), a PI(4,5)P2 reporter, produced a virtually com-
plete redistribution of PH-GFP from the plasma membrane to the
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cytosol (Fig. 2 A and B; confocal microscopy) as expected (38).
When the same treatment was applied to COS-7 cells expressing
LCa-GFP and imaged with TIRFM, a dramatic loss of clathrin was
observed [Fig. 2C and kymograph of Fig. 2D; see also supporting
information (SI) Movie 1]. Automatic counting of thresholded time
lapse images revealed a 90% decrease in the number of LCa-GFP
spots (Fig. 2E). A similar effect was observed for �2-GFP puncta
(Fig. 2F). Therefore, PI(4,5)P2 depletion by ionomycin results
in a massive loss of clathrin coat components from the plasma
membrane.

CCP Disruption by Acute PI(4,5)P2 Dephosphorylation. Ionomycin is a
very effective tool for the depletion of PI(4,5)P2 from the plasma
membrane (38). However, its action may also result from a rise in
cytosolic InsP3, which could compete for PI(4,5)P2-binding sites
(39), or from Ca2�-dependent effects independent of PLC activa-
tion. Thus, we used a more specific method to deplete PI(4,5)P2: the
conditional recruitment of an inositol 5-phosphatase through its
rapamycin-induced heterodimerization to a membrane-targeted,
rapamycin-binding domain of mTOR (FRB) (Fig. 3A) (20, 29, 30,
40). COS-7 cells were triple-transfected with FRB fused to CFP
(FRB-CFP), FKBP fused to mRFP and to the 5-phosphatase
domain of type IV 5-phosphatase (mRFP-FKBP-5Pase), or to
mRFP alone as a control (mRFP-FKBP), and PH-GFP. Addition
of the indole-modified analog of rapamycin, iRAP (40), induced a
rapid plasma membrane recruitment of mRFP-FKBP-5Pase and a
resulting relocation of PH-GFP from the plasma membrane to the
cytosol (Fig. 3B Lower; see also Fig. 4A) within 60 s as described
(20), confirming PI(4,5)P2 depletion [Fig. 3C Right; PHcyto
(green), PHmemb (blue)]. In contrast, PH-GFP did not detach
from the plasma membrane upon the addition of iRAP in cells
expressing mRFP-FKBP instead of mRFP-FKBP-5Pase (Fig. 3B

Fig. 1. Spatial and temporal analysis of clathrin, AP2, and epsin at CCPs. (A)
TIRFM image of a COS-7 cell coexpressing LCa-mRFP (Left) and �2-GFP (Right).
Arrowheads point to individual pits. (B) Select frames from a time series of a
single CCP. Merged images show colocalization of LCa-GFP and �2-GFP
throughout the vesicle lifetime. (C) Time course of LCa-mRFP (red) and �2-GFP
(green) fluorescence (fluorescence units, F.U.) at a single CCP. (D) Lifetime
distribution of LCa-mRFP (red, n � 100) and �2-GFP (green, n � 100) spots. (E)
TIRFM image of a COS-7 cell coexpressing LCa-mRFP (Left) and epsin-GFP
(Right). Arrowheads highlight CCPs. (F) Select frames from a time series of a
single CCP. Merged images (Bottom) show colocalization of clathrin and epsin
throughout the vesicle lifetime. [Scale bars, 2 �m (A and E); 1 �m (B and F).]

Fig. 2. Disruption of CCPs by ionomycin treatment. (A) Spinning disk con-
focal image of a COS-7 cell expressing PH-GFP before (Left) and after (Right)
addition of 5 �M ionomycin. (B) Normalized fluorescence/time plot for mem-
brane-associated (PHmemb) and cytosolic (PHcyto) PH-GFP, measured in the
regions boxed in A (blue and green, respectively) before and after (hatched
region) ionomycin. (C) Frames from a detail of a COS-7 cell expressing LCa-GFP
and imaged by TIRFM. The addition of ionomycin is indicated by the dashed
red line. (D) Kymograph from the cell shown in C. Each vertical line (arrow-
heads) represents individual LCa-GFP spots. Note that they all disappear after
ionomycin treatment (dashed red line). (E) Normalized number of LCa-GFP
puncta over time for the cell shown in C and D automatically counted from
thresholded images. (F) Frames from a detail of a COS-7 cell expressing �2-GFP
and imaged by TIRFM. Dashed red line indicates the addition of ionomycin.
[Scale bars, 10 �m (A); 5 �m (C and F).]
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Upper and 3C Left). Subsequent addition of ionomycin to cells
expressing mRFP-FKBP-5Pase caused only a modest additional
change in the distribution of PH-GFP (Fig. 3C Right), possibly
reflecting a more complete degradation of PI(4,5)P2 or additional
effects of this drug not dependent on PI(4,5)P2 hydrolysis (see
Discussion). iRAP-mediated translocation of mRFP-FKBP-5Pase
to the cell surface correlated with a block of transferrin-488
(Tfn-488) internalization, as reported previously (ref. 20 and Fig.
3D), consistent with an essential role of PI(4,5)P2 in the assembly
and/or function of the clathrin-dependent endocytic machinery.

The action of iRAP on the formation and dynamics of GFP-
tagged, endocytic clathrin coats was then analyzed by TIRFM.
Before iRAP, LCa-GFP had the typical dynamic punctate appear-
ance (Fig. 4A Left). Upon iRAP-mediated recruitment of mRFP-

FKBP-5Pase to the plasma membrane (Fig. 4A Right), but not upon
the recruitment of mRFP-FKBP, major changes in LCa-GFP
dynamics were observed. Within 5 min, �70% of the LCa-GFP
spots disappeared (Fig. 4 B, C, and E and SI Movie 2). The
remaining spots became weaker rather than undergoing abrupt
disappearance as in CCP scission (Fig. 4 C and D) and were
predominantly stable: 49.6% failed to turn over in a 20-min period,
whereas in control cells during this time interval only 6.4% of the
CCPs were static (Fig. 4F). Importantly, PI(4,5)P2 depletion de-
creased the rate of formation of new LCa-GFP spots, from 9.9 �
1.9 �10�3 pits per �m2/min to 2.3 � 0.2 � 10�3 pits per �m2/min
(Fig. 4G; P � 0.017). Moreover, the new spots never reached the
fluorescence intensity of dynamic CCPs observed before the addi-
tion of iRAP. In contrast to its striking effect on CCPs at the cell
surface, iRAP-mediated PI(4,5)P2 depletion did not appear to
affect the distribution and dynamics of Golgi-derived clathrin
structures (visible upon an increase of TIRFM depth; SI Movie 3),
in agreement with selective targeting of the 5-phosphatase to the
plasma membrane, but also with the proposed role of PI(4)P rather
than PI(4,5)P2 in their assembly (2, 41). Some of these structures
appeared as weakly fluorescent and highly mobile spots in the
shallow TIRFM plane typically used (SI Movie 2).

Even more dramatic effects were observed for endocytic clathrin
adaptors upon the addition of iRAP. More than 80% of all �2-GFP,
�2-GFP, and epsin-GFP spots disappeared (Fig. 4 H–L and SI
Movie 4). Because the attachment of clathrin to the plasma
membrane at CCPs is mediated by the adaptors, the persistence of
weak, stable clathrin-positive spots may reflect, at least in part,
small empty clathrin cages. In addition, Golgi-derived mobile
clathrin structures at the edge of the TIRFM field may cause the
action of iRAP on LCa-GFP spots at the plasma membrane to be
underestimated in still images.

Dissociation of Dynamin and the Arp2/3 Complex from the Plasma
Membrane. Scission of clathrin-coated vesicles requires the GTPase
dynamin, which contains a PI(4,5)P2-binding PH domain (42–44).
Furthermore, strong evidence indicates that the action of dynamin
is tightly linked to the actin cytoskeleton, more specifically to
N-WASP and thus to Arp2/3 mediated actin nucleation (45–51).
N-WASP, as well as many factors that act upstream of N-WASP and
Arp2/3 bind PI(4,5)P2. Some of them also bind its downstream
product phosphatidylinositol 3,4,5-trisphosphate [PI(3,4,5)P3] (3,
52–54). Thus, we used TIRFM to investigate whether mRFP-
FKBP-5Pase-dependent PI(4,5)P2 dephosphorylation has an effect
on the membrane association of dynamin and Arp2/3-containing
actin meshworks. Dynamin 2-GFP (Dyn2-GFP) had the character-
istic (34, 46) punctate pattern in control cells and in cells expressing
mRFP-FKBP-5Pase before the addition of iRAP (Fig. 5A). This
pattern overlapped in part with the distribution of CCPs (18, 34, 46).
Within 5 min after the addition of iRAP, �80% of total Dyn2-GFP
spots disappeared from the plasma membrane (Fig. 5 A–C and SI
Movie 5). Moreover, the rate of appearance of new dynamin spots
dropped from 4.7 � 1.5 � 10�3 spots per �m2/min to 0.46 � 0.75 �
10�3 spots per �m2/min (Fig. 5D; P � 0.041).

Similar observations were made with fluorescently tagged p20, a
subunit of the Arp2/3 complex (p20-GFP). This protein also had a
punctate pattern with 71.5% of puncta (n � 109) overlapping with
CCPs and appearing during late stages of pit formation, consistent
with the presence of actin at the neck of endocytic vesicles during
scission (46, 47) (Fig. 5 E and F; see also ref. 55). In addition,
p20-GFP was also concentrated at the cell edge in lamellipodia (Fig.
5F Lower) (56), where a pool of dynamin was also localized (SI
Movie 6), in agreement with previous studies (45, 48, 57). iRAP
caused a dramatic disappearance of p20-GFP puncta associated
with CCPs (Fig. 5F Upper). It also caused a loss of both Dyn2-GFP
(SI Movie 6) and p20-GFP from the cell edge (Fig. 5F Lower).
These changes correlated with a collapse of lamellipodia and with
an arrest of peripheral cell dynamics, as illustrated by a semiquanti-

Fig. 3. Plasma membrane PI(4,5)P2 depletion and block of transferrin inter-
nalization produced by iRAP-induced 5-phosphatase translocation. (A) Sche-
matics of the experimental protocol (20, 30, 40). The addition of iRAP induces
the heterodimerization of mRFP-FKBP-5Pase to plasma membrane-targeted
FRB-CFP, leading to PI(4,5)P2 dephosphorylation. (B) Distribution of PH-GFP in
COS-7 cells coexpressing mRFP-FKBP-5Pase (Lower) or the same construct
lacking the 5Pase module, mRFP-FKBP (Upper), before and after the addition
of 5 �M iRAP. (C) Normalized fluorescence/time plots of membrane and
cytosolic PH-GFP from boxed regions shown in B (blue and green, respec-
tively). Orange (Left) and red (Right) plots show a decrease in cytosolic
mRFP-FKBP and mRFP-FKBP-5Pase fluorescence, respectively, upon iRAP ad-
dition. (D) COS-7 cells expressing mRFP-FKBP (Upper) or mRFP-FKBP-5Pase
(Lower) were incubated sequentially with 5 �M iRAP and then with Tfn-488.
The images show uptake of Tfn-488 in cells expressing mRFP-FKBP but not in
those expressing mRFP-FKBP-5Pase. [Scale bars, 10 �m (B and D).]
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Fig. 4. Effect of iRAP-induced acute PI(4,5)P2 dephosphorylation on CCP dynamics. (A) TIRFM image of a COS-7 cell expressing LCa-GFP (Left) before the
addition of iRAP, and mRFP-FKBP-5Pase (Center and Right) before and after the addition of iRAP, respectively. (Right) mRFP-FKBP-5Pase recruitment is
revealed by the increase in diffuse mRFP plasma membrane fluorescence. (B and C) Select frames and kymograph from a time series of the LCa-GFP channel
from the cell shown in A before and after the addition of iRAP (arrowheads and dashed lines), illustrating the iRAP-induced loss of clathrin. (C) Note that
clathrin spots appear and disappear abruptly before the addition of iRAP (open arrowheads) but dim gradually after iRAP (filled arrowheads). (D)
High-power view of the LCa-GFP spots indicated by arrowheads in C. (E) Normalized and averaged number of LCa-GFP spots over time from three cells
expressing mRFP-FKBP-5Pase (black) or mRFP-FKBP (red). (F) Lifetime distribution of 240 LCa-GFP puncta from three cells before (red) and after (black) iRAP
delivery. (G) Number of newly formed LCa-GFP spots per �m2/min before and after iRAP. Values are averages from three cells; P � 0.017 (Student’s t test).
(H and I) Select frames and kymograph from a time series of a cell expressing �2-GFP before and after iRAP. (J–L) Kymograph, number of spots, and select
frames from a time series of an epsin-GFP-expressing cell before and after iRAP. [Scale bars, 10 �m (A); 5 �m (B, H, and L).]
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tative analysis of motility in actin-GFP-expressing cells (Fig. 5G and
SI Movies 6 and 7). Collectively, these results indicate that the
scission machinery of clathrin coated vesicles is disrupted by

depletion of PI(4,5)P2. In addition, they provide new evidence for
the ‘‘master’’ role of PI(4,5)P2 in Arp2/3-mediated actin nucleation
and actin motility at the cell periphery.

Discussion
We have used a direct approach to test the hypothesis that PI(4,5)P2
present in the plasma membrane plays a critical role in the dynamics
of CCPs and in the control of Arp2/3-containing actin meshworks.
Rapid and massive PI(4,5)P2 dephosphorylation at the 5 position of
the inositol ring was achieved by the iRAP-mediated recruitment
to the plasma membrane of a 5-phosphatase module (20, 29, 30).
As the catalytic domain of type IV phosphatase also dephospho-
rylates PI(3,4,5)P3 (58, 59) and because loss of PI(4,5)P2 would
prevent compensatory PI(3,4,5)P3 production by phosphatidylino-
sitol 3-kinases, a contribution by the parallel depletion of
PI(3,4,5)P3 to the effects observed cannot be excluded (see also ref.
29). However, PI(3,4,5)P3 is only present at negligible levels in
resting cells (60).

PI(4,5)P2 depletion led to a massive disappearance of CCPs not
compensated for by the appearance of new ones, confirming the
importance of PI(4,5)P2 for coat nucleation, growth, and stability.
Disappearance could be explained by normal coated pit scission
only at the earliest time points after the addition of iRAP because
dynamin also dissociated from the plasma membrane. In addition,
loss of clathrin spots seemed to result from the rapid but nonquantal
loss of fluorescence from the pits, suggesting disassembly and/or
fragmentation of the coats.

Ionomycin induced effects on CCPs similar to and even stronger
than those generated by recruitment to the cell surface of the
5-phosphatase. Ionomycin, a Ca2� ionophore, induces PI(4,5)P2
depletion by the Ca2�-dependent activation of PLC (38, 61), which
cleaves PI(4,5)P2 but also acts on PI4P (62), thus depleting the main
PI(4,5)P2 precursor. PI(4,5)P2 resynthesis after PLC cleavage re-
quires de novo synthesis of phophatidylinositol, whereas PI(4)P
generated by the action of a 5-phosphatase can be rapidly rephos-
phorylated to PI(4,5)P2 by PI(4)P 5-kinases. Thus, ionomycin may
induce a complete depletion of PI(4,5)P2, whereas the iRAP
method may allow the persistence of a very low steady-state level
of this phosphoinositide. Additionally, ionomycin may affect clath-
rin nucleation and dynamics indirectly via the generation of InsP3
and other Ca2�-dependent effects, such as shielding of negative
charges of the bilayer or changes in protein phosphorylation (63).

A rapid reversible loss of endocytic CCPs from the plasma
membrane was recently observed upon addition of butanol (22), an
alcohol shown to produce a depletion of PI(4,5)P2 by interfering
with activation of PI(4)P 5-kinases (64, 65). However, because the
action of butanol on PI(4,5)P2 levels is only indirect, effects
independent of PI(4,5)P2 depletion cannot be excluded.

In summary, our data conclusively prove that plasma membrane
PI(4,5)P2 has an essential role in endocytic clathrin coat assembly
and budding. They also provide direct evidence for an essential role
of PI(4,5)P2 in actin dynamics at the cell periphery.

Methods
Plasmids, Oligonucleotides, and Other Reagents. The following re-
agents were gifts: LCa-GFP (from James Keen, Thomas Jefferson
University, Philadelphia, PA), Dyn2-GFP (Mark McNiven, Mayo
Clinic, Rochester, MN), �2-GFP (Pier Paolo Di Fiore, University
of Milan, Italy), �2-GFP (Alexander Sorkin, University of Colo-
rado, Denver, CO), and p20-GFP (Jurgen Wehlands, German
Research Centre for Biotechnology, Braunschweig, Germany).
Epsin-GFP has been described previously (36). LCa was subcloned
into a vector encoding monomeric RFP (Roger Tsien, University of
California at San Diego, La Jolla, CA) to produce LCa-mRFP.
Alexa 488-conjugated human transferrin was from Invitrogen
(Carlsbad, CA). PM-FRB-CFP, mRFP-FKBP, and mRFP-FKBP-
5Pase were described previously (20). iRAP was provided by

Fig. 5. Effect of PI(4,5)P2 depletion on dynamin and Arp2/3. (A and B) Select
frames and kymograph from a TIRFM time series of a COS-7 cell expressing
Dyn2-GFP and mRFP-FKBP-5Pase (channel not shown). (A–C and F) An arrow-
head and a red dashed line mark iRAP delivery. (B) Examples of dynamic
Dyn2-GFP spots are indicated by open arrowheads. (C) Number of Dyn2-GFP
spots over time, before and after iRAP delivery, normalized and averaged
from three cells expressing mRFP-FKBP (red) or mRFP-FKBP-5Pase (black). (D)
Number of newly formed Dyn2-GFP spots per �m2/min before and after iRAP.
Values are averages from three cells; P � 0.041 (Student’s t test). (E) Select
frames from a time series of a single CCP containing LCa-mRFP and p20-GFP.
Recruitment of Arp2/3 (p20-GFP fluorescence) occurs at a late stage in CCP
formation. (F) Select frames from a series of a p20-GFP-expressing cell showing
iRAP-induced disappearance of p20-GFP fluorescence both from spots at the
ventral surface of the cell (Upper) and from a lamellipodium (Lower). (G)
Analysis of motility in three cells expressing actin-GFP and mRFP-FKBP-5Pase
(data not shown) and imaged for 10 min before (Upper) and after (Lower)
iRAP delivery. Darker pixels indicate areas of higher motility (see Methods).
The profiles of the cells are roughly indicated by red arrowheads. [Scale bars,
10 �m (G); 5 �m (A and F); 1 �m (E).]
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Thomas Wandless and Gerald Crabtree (Stanford University, Palo
Alto, CA).

Live Cell Imaging and Image Analysis. TIRFM was performed as
described previously (18). In some experiments, images were also
acquired by using a spinning-disk confocal system (PerkinElmer,
Waltham, MA), mounted onto an IX71 inverted microscope
(Olympus, Center Valley, PA), equipped with a 1 kb � 1 kb
National Institute on Drug Abuse EMCCD camera (Hamamatsu,
Hamamatsu City, Japan). Samples were imaged by using a �100 oil
objective, yielding a spatial resolution of 0.1 �m per pixel. Excita-
tion was achieved by using 488 argon and 568 argon/krypton lasers
(Melles Griot, Carlsbad, CA). Exposure times were between 0.2
and 0.6 s. Analysis of TIRFM images was performed as described
previously (ref. 18; see also SI Methods). The lifetime of fluores-
cently tagged proteins was measured manually from 120 fluorescent
spots in three cells. A particle-counting algorithm in ImageJ (Na-
tional Institutes of Health) was used to measure the number of spots
over time from binarized images. A custom-written algorithm was
used to determine the number of newly generated spots per
�m2/min (see SI Methods). Analysis of membrane motility before
and after iRAP was performed with Andor iQ (see SI Methods).

Miscellaneous Procedures. Cell culture and transfection were
performed as described previously (18). For transferrin inter-
nalization assays, COS-7 cells previously cotransfected with
FRB-CFP and either mRFP-FKBP or mRFP-FKBP-5Pase
were incubated with 5 �M iRAP (5 min at 37°C), exposed to
Tfn-488 in imaging buffer (5 min at 37°C), then washed, fixed in
4% paraformaldehyde, and imaged by spinning disk confocal
microscopy.
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